We have mainly focused our experiments on such pairs for analyzing correlations in both continuous signals (LFPs) and point processes (MU) (Halliday and Rosenof neurons, as they have not been studied systematiberg, 1999; Mitra and Pesaran, 1999) . It also allowed us cally with stimuli that differ only outside the classical to distinguish correlations in the γ frequency band (30-RF. Third, previous studies have not examined whether 80 Hz) from those in lower frequencies (0-30 Hz). The stimulus-related differences in synchrony strength are magnitude of the coherency, |Coherency|, is plotted as large enough, relative to variations in synchrony across a function of time (0-3000 ms) and frequency (0-100 recording sites, to be useful for perceptual feature Hz) and provides a measure of the correlation between grouping. Our analyses address this issue more dineural signals in each frequency band at each point in rectly, through the use of an ideal observer model. time during stimulus presentation. Figures 1E and 1F We examined synchrony in area MT using both MU show |Coherency| spectrograms for LFP signals from recordings and local field potentials (LFPs), as these the example experiment described above. To simplify have been purported to be more sensitive measures of these data, we collapse each spectrogram into a single synchrony than single-unit recordings ( remaining cases, different global motion trajectories were given to the two figures, such that there was relaExperiment 1: Effect of Figure Grouping tive motion between them. Since no significant differon Neuronal Synchrony ence was found between these two subsets of data, Our primary goal was to determine whether synchrony we pooled them for analysis (see Figure S2 ). From the between pairs of recording sites with nonoverlapping coherency spectra, average |Coherency| was computed RFs depends on the grouping of image features into in two frequency bands: 0-30 Hz and 30-80 Hz (gamma one versus two objects. The visual stimuli were tailored band). to match the preferences of the two MT recording sites, Figure however, that these differences are quite small relative All stimulus conditions were randomly interleaved to the range of |Coherency| values observed across exwithin a single block of trials. As shown in the periperiments, a point to which we shall return later. stimulus time histograms (PSTHs) of MU responses Figure 2B shows analogous data obtained from ana-( Figures 1C and 1D Figure 2C ; p < 0.001, Scheffe's test). Thus, the strength of LFP synstudies have shown that naive subjects correctly perceive the global motion direction of the figure when apchrony in the 0-30 Hz band is clearly stimulus dependent, but the relevant aspect of the stimuli that moduertures are visible, but not when they are invisible (Lorenceau and Shiffrar, 1992). Thus, the BBS hypothesis lates synchrony is not whether the features are grouped into one object versus two objects. Figure 2D shows predicts stronger synchrony for visible apertures. metric, we found significantly stronger synchrony for Figure 5A summarizes results from LFP measureone bar versus two bars across the population (p = ments at 99 pairs of recording sites in MT. Significantly 0.01, Scheffe's test), but again the magnitude of the efstronger synchrony was observed when neurons were fect was much smaller than that seen by Kreiter and activated by a single bar than by two separate bars, Singer. Our results using the r CCG metric were instead and this was true for both frequency bands of interest quite comparable to those found using coherency (p < 10 −5 , Scheffe's test). However, the effect was again analysis in the 0-30 Hz band ( Figure 5B ). quite small relative to the variation in |Coherency|
We also quantified our results using the NC metric of across the population. Figure 5B shows analogous reKreiter and Singer, which is derived by fitting modified sults for MU activity from 128 pairs of recording sites.
Gabor functions to raw cross-correlograms (Konig, No significant difference in synchrony between one bar 1994). Figure 5D Figure 6 summarizes the relationships between synchrony and feature grouping across our four sets of experiments. The average difference in synchrony strength between one object and two objects is shown for each different stimulus configuration (iconized in Figure 6A ), along with 95% confidence intervals around the mean. Data from LFP coherency analysis ( Figure  6B ), MU coherency analysis ( Figure 6C) , and conventional MU cross-correlation analysis ( Figure 6D ) are shown separately. The BBS hypothesis predicts that differences in synchrony strength should be significantly larger than zero for all stimulus comparisons. The statistical significance of each datum (relative to zero) was assessed using a general linear model (GLM) that included terms to account for differences in RF overlap, differences in preferred direction, and differences between monkeys. Most of the significant differences in synchrony were found among LFP recordings, particularly in the 30-80 Hz gamma band. In contrast, LFP synchrony in the 0-30 Hz band was not a reliable indicator of feature grouping. Synchrony in MU responses generally did not show any strong dependency on feature grouping, with two notable exceptions being the one bar versus two bars condition from experiment 4 and the invisible apertures versus "mask only" condition from experiment 2. Importantly, when stimulus differences within and immediately around the RFs were eliminated using occluders (sixth column in Figure 6 ; experiment 3), none of the synchrony metrics showed a significant dependence on feature grouping. Differences in synchrony strength between stimulus conditions are more difficult to interpret when there are corresponding changes in mean firing rates, due to the general ambiguity in attributing weaker correlations to It should also be noted that pairs of recording sites larly among LFP recordings (see Figures 2-5 ). In contrast to the weak effects of feature grouping on synthat have statistically significant r CCG values (filled symbols in Figure 5C ) frequently have very small NC values chrony that are summarized in Figure 6 , we found strong dependencies of synchrony on RF overlap and (filled symbols in Figure 5D ), whereas pairs of sites with nonsignificant r CCG values frequently have large NC valdifference in preferred directions. Using these two basic RF parameters and monkey identity as independent ues. Overall, there is only a marginally significant corre- variables in the GLM described above, we found that that synchrony is much more tightly linked to RF parameters than to feature grouping. all measures of synchrony strength were positively correlated with RF overlap, and negatively correlated with the difference in preferred directions between Discriminability of Feature Grouping Using Synchrony members of a pair of recording sites (Table 1) . With this GLM, we were able to account for 6%-52% of the total When synchrony strength depended on the stimulus configuration, the effects were typically quite small relvariance in synchrony strength, as shown in Table 2 (left column).
Population Summary
ative to the variability across pairs of recording sites (e.g., Figure 2A ). This raises the question of how reliably We observed that synchrony in spontaneous activity (measured during fixation on a blank screen) is highly one could discriminate between stimulus conditions (e.g., one figure versus two) based on measurements correlated with synchrony driven by our visual stimuli (r > 0.86 for both LFP frequency bands). This suggests of synchrony. We reasoned that, if neuronal circuits are able to compensate somehow for local variations in that unknown factors, other than RF overlap and difference in preferred directions, are also important for desynchrony strength, then the differential synchrony seen in Figures 2-6 might become a more robust signal termining synchrony strength. As shown in Table 2 (middle column), adding a factor to the GLM to account for detecting grouped features.
To test this possibility, we applied ROC analysis to for synchrony in spontaneous activity explained a substantial additional portion of the variance (9%-56%).
the residuals of the GLM described above that employed spontaneous synchrony, RF overlap, difference For synchrony in the gamma band LFP, adding spontaneous synchrony to the model increased the r 2 value in preferred directions, and monkey identity as the independent variables. The residuals of the model were from 0.521 to 0.881.
In sharp contrast, adding feature grouping (one sorted into two groups (one object versus two objects) and analyzed by an ideal observer implemented using versus two objects) to the GLM model only accounts for an additional 0.1% of the variance in synchrony ROC analysis. The ideal observer was charged with the task of determining whether one object or two objects strength for the gamma band LFP. Similarly weak effects of adding feature grouping to the GLM model are was presented based on the distribution of synchrony metrics across the population of recording sites. This seen for the other synchrony metrics, as shown in Table  2 (right column). Even if only data from the one bar veris equivalent to randomly choosing a pair of recording sites driven by one object and a pair of sites driven by sus two bar experiment are analyzed, the maximum additional variance accounted for by feature grouping is two objects, and quantifying how often synchrony was stronger for the pair of sites responding to the single 2.5% (gamma band MU activity). These results show figure (see Discussion). Importantly, this model asover, even for experiment 4, performance of the ideal observer did not exceed 61% correct, despite the fact sumes that variations in synchrony strength with the parameters described above are somehow compenthat our analysis compensated for local variations in synchrony strength due to RF overlap, difference in presated by the cortical circuitry. This may not be a realistic assumption, but this model provides a reasonable ferred directions, etc. This suggests that, even in the most optimistic setting, synchrony between pairs of reupper limit for the reliability of synchrony as a code for feature grouping. cording sites does not provide a very reliable code for feature grouping. Figure 7 shows the results of this ideal observer analysis for both LFP and MU signals. The BBS hypothesis predicts that the performance of the ideal observer Discussion should be significantly larger than 50% correct in all stimulus conditions. Indeed, performance was signifiAlthough the BBS hypothesis has been questioned on theoretical and practical grounds (Ghose and Maunsell, cantly better than chance for experiment 4 (one bar versus two bars), and this was true for LFP |Coherency| 1999; Shadlen and Movshon, 1999), it is nevertheless critical to establish empirically whether or not syn-( Figure 7B we cannot rule out these possibilities, we note that it that this result does not generalize to noncollinear RFs.
will be critical for proponents of the BBS hypothesis to When we also examine pairs of recording sites with demonstrate that synchrony can reliably predict beoverlapping RFs, we find that synchrony strength dehavior. pends much more strongly on RF overlap and differWe have chosen stimulus configurations in which ence in preferred directions than on feature grouping. simple moving features were grouped or not depending Unknown factors must also contribute strongly to synon stimulus context outside of the classical RFs. Alchrony among our recording sites, since the addition of though the differences between our bound and unspontaneous synchrony to our statistical model acbound conditions are readily apparent to most observcounts for a substantial portion of the variance in the ers (see stimulus examples at http://cabernet.wustl. data. In contrast, incorporating feature grouping into edu/wgregd/binding_animations), we do not know the our model accounted for at most an additional 2.5% of perceptual status of our monkey observers, since the variance, and more typically less than 1% (Table 2) . animals were simply required to fixate in these experiThus, at least in MT, the BBS hypothesis does not apply ments. Thus, it is possible that our monkeys did not to the vast majority of pairs of visual RFs, which are experience the intended grouping percepts in some of both nonoverlapping and noncollinear. (3) We have asour stimuli (e.g., experiment 3). We think that this is unsessed the reliability of synchrony as a code for feature likely to explain our overall pattern of results, however, grouping by employing ideal observer models that opand we note that the same limitation applies to the vast erate on the measured distributions of synchrony majority of previous studies on the role of synchrony strength across our sample of recording sites. It is worth emphasizing that our application of ROC methods may not have been sufficiently sensitive to detect changes in neuronal synchrony with feature groupanalysis in Figure 7 is quite different from that used previously in single-unit studies (e.g., Britten et al., 1992;  ing. To address this issue, we performed extensive numerical simulations (data not shown). We generated Uka and DeAngelis, 2003). Whereas those studies operated on distributions of single-trial firing rates from independent spike trains with PSTHs matched to those of a typical data set (Oram et al., 1999), and we then single neurons, our application of ROC analysis here operates on distributions of trial-averaged synchrony added various known percentages of correlated spikes to these independent trains. Using each of our synmetrics across many pairs of recording sites. Estimates of synchrony strength on individual trials are very noisy, chrony metrics, we quantified the ability of our ideal observer model to discriminate between spike trains such that an ideal observer cannot discriminate between one figure versus two figures based on singlewith no correlated spikes and spike trains with a known percentage of correlated spikes. We matched the firing trial estimates of synchrony from a pair of recording sites (data not shown). Thus, we adopted the present rates and numbers of trials in our simulations to a typical MU data set. Our simulations revealed that the |Co-analysis as a best case scenario. Note that the synchrony metric for each pair of recording sites is the herency|, and r CCG metrics could reliably detect (at a 75% correct criterion) the addition of approximately average across many stimulus repetitions; hence, our analysis essentially allows for some pooling of neuronal 2% correlated spikes. By comparison, the NC metric (Konig, 1994; Kreiter and Singer, 1996) was approxiresponses (assuming ergodicity). Although this best case scenario is not a standard neural application of mately 3-to 4-fold less sensitive. Based on these simulations, our failure to observe significant synchrony in ROC analysis, the fact that the ideal observer performance is poor only underscores the unreliability of MT many of our MU recordings suggests that any changes in the percentage of synchronous spikes must have synchrony as a code for feature binding, relative to the ability of single MT neurons to signal direction or depth been on the order of 1% or less. After finding very little synchrony among pairs of MU (Britten et al., 1992; Uka and DeAngelis, 2003) .
A potential criticism of this study is that our analysis recordings with nonoverlapping RFs, we attempted to The results of these fits were used to calculate a quantitative index rewards. Typically, recording sessions lasted 3-5 hr, during which of the overlap of the two RFs, defined as the area of the intersecwere significantly larger than spontaneous activity. For this purpose, the MU spike trains were binned into 40 ms segments, and tion of the two Gaussians divided by the area of the smaller RF.
a Wilcoxon signed rank test was used to determine if the activity After RF mapping, we tailored the stimuli to the RFs (see Figure  in each 40 ms bin was significantly greater than spontaneous activ-1A) based on the direction and speed preferences of the two reity (p < 0.05). We then identified continuous intervals of at least 100 cording sites, as well as the locations and overlap of the RFs. This ms in which the visual response from both electrodes was consiswas done using an interactive program that superimposed the vitently larger than spontaneous activity. These periods often lasted sual stimuli over the quantitative estimates of the two RFs and alseveral hundred milliseconds and were broken up into 100 ms lowed the user to adjust the size, orientation, skewness, position, chunks for some analyses (see below). Having defined the time and motion of each stimulus figure. This enabled us to closely and frequency windows of interest, we then averaged the complex match the orientation/direction of one side of the moving figure to coherency values across time, stimulus repetitions, and frequency the direction preference of each neuron. If we could not match within each frequency band of interest. The magnitude and phase stimulus edge motion to the MT direction preference within 15°, we of the resultant averaged coherency vector were then computed. moved one electrode to find a more favorable pairing. We selected We used the magnitude of the average coherency, |Coherency|, as among pairs of MU recording sites that were direction selective our metric of synchrony strength, which is bounded between 0 (no with peak firing rates at least 2-fold larger than the level of spontacorrelation) and 1 (perfect correlation). The phase of the averaged neous activity. The combination of RF locations and direction prefcoherency was generally very close to zero and was not used furerences made certain combinations of sites incompatible with our ther in the analysis. experiments. Specifically, pairs of recording sites with opposite diIn addition to spectral coherency, we also analyzed synchrony rection preferences were not suitable, and pairs in which the preusing conventional cross-correlation analysis (Bair et al., 2001 ). For ferred direction of one site pointed directly at the RF of the other each 100 ms time segment in which responses were significantly site were also problematic. Importantly, however, recording sites larger than spontaneous activity, we compiled cross-correlograms were never selected based on the strength of synchrony between by averaging across repetitions of each unique stimulus. Correlothe constituent neurons.
grams were corrected for finite sample length by normalizing with When designing the stimuli, we tried to maximize the MU rea triangle function ( 
